Background and Purpose-Our previous studies found that deferoxamine reduces intracerebral hemorrhage (ICH)-induced brain injury in rats. The current study examined whether deferoxamine reduces brain injury in a piglet ICH model. Methods-Pigs received an injection of autologous blood into the right frontal lobe. Deferoxamine (50 mg/kg, IM) or vehicle was administered 2 hours after ICH and then every 12 hours up to 7 days. Animals were killed 3 or 7 days later to examine iron accumulation, white matter injury, and neuronal death. Results-ICH resulted in development of a reddish perihematomal zone, and iron accumulation, ferritin upregulation, and neuronal death within that zone. Deferoxamine reduced the perihematomal reddish zone, white matter injury, and the number of Perls', ferritin, and Fluoro-Jade C-positive cells. 
I
ron overload occurs in the brain after intracerebral hemorrhage (ICH) and causes brain damage. 1, 2 Deferoxamine (DFX), an iron chelator, reduces brain edema, neuronal death, and neurological deficits after ICH in rats. [3] [4] [5] Experimental ICH has been studied in many species including mouse, rat, cat, rabbit, dog, pig, and monkey. 2 Rats are the most frequently used species for ICH studies, and the pig ICH model is a very useful large animal model with more white matter. 6 -8 We hypothesized that systemic DFX treatment reduces brain iron accumulation, neuronal death, and white matter injury in the piglet model of ICH.
Materials and Methods
Animal use protocols were approved by the University of Michigan Committee on the Use and Care of Animals. A total of 16 male piglets (8 to 10 kg; Michigan State University, East Lansing) were used in this study. Piglets were sedated with ketamine (25 mg/kg, IM) and anesthetized with isoflurane. After a surgical plane of anesthesia was reached, animals were orotracheally intubated. The right femoral artery was catheterized for monitoring of blood pressure, blood gases, and glucose concentrations. Body temperature was maintained at 37.5Ϯ0.5°C.
A cranial burr hole (1.5 mm) was then drilled 11 mm to the right of the sagittal and 11 mm anterior to the coronal suture. An 18-mm-long 20-gauge sterile plastic catheter was placed stereotaxically into the center of the right frontal cerebral white matter at the level of the caudate nucleus and cemented in place. One ml of autologous arterial blood was infused over 15 minutes with an infusion pump. After a 5-minute break, another 1.5 mL of blood was injected over 15 minutes. 7 Piglets were treated with DFX (50 mg/kg; administered intramuscularly every 12 hours for 3 or 7 days, starting 2 hours post-ICH) or vehicle by a blinded investigator. Piglets were reanesthetized on day 3 or day 7 and the brains perfused in situ with 10% formalin. Brains were sectioned coronally. Paraffin embedded brain was cut into 10-m-thick sections. Enhanced Perls' staining was performed to detect iron accumulation. 4 Ferritin was examined by immunohistochemistry (primary antibody: polyclonal rabbit antihuman ferritin IgG; DACO; 1:400 dilution), neuronal death was measured by Fluoro-Jade C staining, and white matter injury was determined by Luxol fast blue staining. For ferritin and Fluoro-Jade cell counting, 4 adjacent hematoma fields (0.14 mm 2 each) were taken to count positive cells. Luxol fast blue staining was assessed as the ipsilateral stained area/contralateral area (%).
Data from different animal groups and brain sites were expressed as meanϮSD and analyzed by unpaired Student t test. Differences were considered significant at PϽ0.05.
Results
A reddish zone developed around the hematoma in all 16 ICH pigs. DFX treatment significantly reduced this zone at both 3 days or 7 days after ICH (Figure 1 ). Using enhanced Perls' reaction to examine iron accumulation, we observed a good spatial correlation between the Perls-positive zone and the reddish zone (Figure 2) . DFX also reduced the number of perihematomal Perls-positive cells (eg, day 7: 64Ϯ38 versus 213Ϯ35 cells per mm 2 in the vehicle, PϽ0.01).
Ferritin, an iron storage protein, was upregulated in the perihematomal zone. Many glia-like ferritin-positive cells were detected around the hematoma (Figure 2 ). Ferritinpositive cells were markedly less in DFX-treated animals at day 3 (92Ϯ43 versus 155Ϯ23 cells per mm 2 in the vehicle, PϽ0.05) and day 7 (101Ϯ46 versus 232Ϯ42 cells per mm 2 
in the vehicle, PϽ0.01).
Fluoro-Jade C staining was used to detect neuronal degeneration. DFX reduced Fluoro-Jade C-positive cells in the perihematomal area (Figure 3 ). There was a reduction in Luxol fast blue-stained white matter in the ipsilateral hemisphere at day 7 after ICH. DFX reduced that loss (79Ϯ10 and 62Ϯ5% of contralateral area in DFX-and vehicle-treated pigs, respectively; PϽ0.05, Figure 3 ).
Discussion
The current study demonstrated that DFX reduces perihematomal iron accumulation, neuronal death, and white matter injury in a pig ICH model. Our previous studies have found DFX is neuroprotective in rat ICH models. 3, 4 The fact that DFX has protective effects in ICH models in 2 species increases the speculation that the drug may work in humans.
An interesting finding in this study is the development of a reddish zone around the hematoma at 3 and 7 days after ICH (Figure 1 ) and that this reddish zone matched the Perlspositive area. Although the precise mechanism for the reddish zone development is unclear, we believe that erythrocyte lysis with hemoglobin/heme release may contribute to the development. Heme from hemoglobin then can be degraded by heme oxygenases in the brain into iron, carbon monoxide, and biliverdin. Many Perls-positive cells were detected in the reddish zone (Figure 2 ). Future studies should investigate how DFX reduces the perihematomal reddish zone. There is evidence that DFX can inhibit hemin-induced erythrocyte lysis. 9 Iron overload is toxic to the brain. The duration over which clot lysis and iron release occur are likely to be dependent on clot size (ie, 1 to 3 days for an 100 L clot in rats and 3 to 7 days for a 2.5 mL clot in pigs). Our previous results in rats 3, 4 and current data in pigs showed that DFX is effective in reducing injury in models with different sized clots. Although DFX may work directly by chelating iron, it can also inhibit prolyl 4-hydroxylase activity which may lead to protection from oxidative stress-induced cell death. 10 There are some limitations to this study. Because of size constraints, we used piglets (Ϸ5 weeks), where brains may not be fully mature, rather than aged pigs. Second, a method of assessing ICH-induced neurological deficits in the pig has yet to be devised.
In conclusion, intracerebral hematoma causes elevated iron in the piglet brain and DFX reduces the resulting neuronal death, suggesting iron chelation may have potential as a treatment for ICH patients. 
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